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Abstract
This paper presents a model and simulation results for the mitigation of a hydrogen-air deflagration by venting through a duct. A large eddy simulation model (LES), applied previously to study both closed vessel, and open atmosphere hydrogen-air deflagrations, was developed further to model a hydrogen-air explosion vented through a duct. Sub-grid scale flame wrinkling factors were introduced to model major phenomena which contribute to the increase of flame surface area in vented deflagrations. Simulations were conducted to validate the model against 20% hydrogen-air mixture deflagrations (vent diameters 25 cm and 45 cm) and 10% hydrogen-air mixture deflagration (vent diameter 25 cm). There was reasonable correlation between the simulations and the experimental data. The comparative importance of different physical phenomena contributing to the flame wrinkling is discussed.
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1. Introduction
The need for the development, verification, and validation of predictive tools for explosion hazard assessment in the process industries is obvious. Computational Fluid Dynamics (CFD) has an advantage over lumped parameter models as it can deliver more realistic predictions of spatial characteristics (pressure loads, flame position) in complex geometries. However, in CFD factors such as flow turbulence, and the interactions between pressure waves and the combustion process are remarkably complex at an unresolved level and their effect may be incorporated into a model only through empirical constants determined from experiment (Kumar, Dewit & Greig, 1989). 
The pragmatic way to model the burning rate enhancement due to deflagration-outflow interaction (DOI) is to utilise readily available correlations for the turbulent flame wrinkling factor , which have been established for engineering applications. Thus, sound correlations for the flame wrinkling due to DOI for hydrocarbon-air and hydrogen-air mixtures have been obtained from previous work by Molkov (Molkov, 2002). 
The primary purpose of this paper is to present the extension of the large eddy simulation (LES) deflagration modelling approach, which was applied previously to model closed-vessel (Molkov, Makarov & Grigorash, 2004) and unconfined (Molkov, Makarov & Schneider, 2006) hydrogen-air deflagrations. The model has been extended to vented deflagration modelling. The model was validated against a series of experiments conducted by Kumar et al. on hydrogen-air deflagrations vented though a duct (Kumar et al. 1989).
2. Experiment
Mitigation of a hydrogen-air explosion by venting through a duct was studied experimentally by Kumar et al. (1989). The experiments were carried out in a 2.3-m diameter spherical vessel which was vented through a 3-m long duct, 45 cm in diameter. In the experimental study, circular vents were used at the exit from the duct to the atmosphere, these had diameters  of 15, 25 and 45 cm. Both the vessel and the duct were filled with a hydrogen-air mixture. The hydrogen concentration was in the range of 6-20%. Three ignition locations were tested experimentally: the centre of the vessel, near the vent, and far from the vent. The rupture pressure of the vent covers was between 1 and 10 kPa. No transition to detonation was observed in the experiments. The reproducibility of the experiments for hydrogen concentrations of 10% by volume and higher was reported as good. The detailed experimental pressure-time records for all three tested vent diameters (15, 25 and 45 cm) are available for centrally-ignited 10% and 20% hydrogen-air mixtures and for far-end ignited 15% hydrogen-air mixture. 
From analysis of the experimental data the authors came to the conclusion that even in the absence of obstacles or a fan, the instabilities and turbulence caused by the vent opening resulted in an enhanced burning rate, which varied strongly with time and space.
3. Vented deflagration model 
3.1 LES model 
An LES approach to the modelling of large-scale deflagrations is described in detail elsewhere, e.g. (Molkov, Makarov & Grigorash, 2004), (Molkov & Makarov, 2006), only the main features will be given here. 
The model described here is based on solution of the filtered compressible mass, momentum, and energy conservation equations. The sub-grid scale turbulent viscosity is modelled using the renormalisation-group (RNG) analysis by Yakhot & Orszag (1986). To trace the flame front propagation the combustion model employs the progress variable equation. In order to model dilution of the initial fuel-air mixture by the ambient atmosphere, a conservation equation for air is included as a species equation. The source term in the progress variable equation represents the mass burning rate or the rate of creation of the combustion products. This source term is modelled using the gradient method (Zimont, 1979; Lasky, Oran & Boris, 1988): . An expression for the turbulent burning velocity is required to close the gradient method. Once this equation is chosen, the gradient method guaranties that the mass burning rate through 1 m2 of the modelled flame front is equal to  regardless of the numerical grid size.
3.2 Turbulent burning velocity model
The key element of vented deflagration combustion model presented here is the local value of the turbulent burning velocity. A physically sound expression forthat is valid for a wide range of vented deflagration condition is required. Although the turbulent burning velocity has been the focus of numerous theoretical and experimental studies over the previous decades, a fundamental approach to the evaluation of  has not yet been established (Lipatnikov & Chomiak, 2002). That is why this paper attempts to model phenomena contributing to the flame wrinkling and turbulisation in the course of vented deflagration, and assess their effects based on known experimental correlation.
The turbulent burning velocity is a function of thermo-kinetic mixture properties, the turbulence characteristics of flow, etc. In the flamelet combustion regime the chemical kinetics enter the combustion system through influence on burning velocity  (Bray, 1996). The model presented here considers combustion as adiabatic, therefore, the burning velocity dependence on pressure and temperature was modelled as 
,	 (1)
where  represents the burning velocity at an initial pressure, , and  represents the overall thermo kinetic index.
The previous model for unconfined hydrogen-air deflagration (Molkov et al., 2006) accounted for the transition from laminar to turbulent combustion through two main physical phenomena, i.e. hydrodynamic flame front instability and turbulence generated by the flame front itself. Hydrodynamic instabilities were considered as being primarily responsible for the onset of the self-similar flame propagation regime (Bradley, 1999; Gostintsev, Istratov & Shulenin, 1988). They were partially resolved by LES and their sub-grid scale (SGS) effect was modelled using a premixed turbulent combustion model (Yakhot, 1988). The model by Yakhot is  also based on RNG analysis. The “small-scale” turbulence generated by the flame front itself (TGFF) takes place at a SGS level only. The TGFF was modelled based on the maximum value for the flame front self-induced turbulence predicted by Karlovitz, Denniston & Wells (1951), and the transitional distance determined by Gostintsev et al. (1988).  The model used for the turbulent burning velocity in an unconfined deflagration (Molkov et al., 2006) is given by the following equation; 
,	 (2)
In equation 2  represents the turbulent burning velocity,  denotes the laminar burning velocity,  is the flame wrinkling factor obtained from the RNG premixed combustion model,  is the flame wrinkling factor due to the turbulence generated by the flame front itself, and  is the unresolved SGS flow velocity.
Analysis of vented deflagration experiments (particularly, by Kumar et al., 1989) shows that the flame wrinkling due to deflagration-outflow interaction (DOI) may exceed both the flame wrinkling factors modelled by the RNG premixed combustion model , and those due to the turbulence generated by the flame front  combined. Physical phenomena which accompany a vent opening(e.g. Rayleigh-Taylor and Kelvin-Helmholtz instabilities, pressure and flame front interaction, flow turbulence, etc.) cause additional flame wrinkling at a SGS level. A model is required for these phenomena. 
A pragmatic model for this additional flame wrinkling, arising from deflagration-outflow interaction, can be based on a correlation for the flame front wrinkling factor  obtained previously by Molkov (2002). The coefficients determined in the correlation provide a reasonable agreement with available experimental data on hydrogen-air vented deflagration. Once the overall wrinkling factor  accounts for all the mechanisms contributing to burning rate enhancement, then the additional component which arises from the DOI process may be estimated using the following equation:
, 	(3)
In Equation 3  represents the flame wrinkling factor obtained from the RNG premixed combustion model which has been averaged through the flame front,  represents the flame wrinkling factor due to turbulence generated by the flame front itself,  has also been averaged through the flame front. The turbulent burning velocity model, accounting for flame wrinkling due to venting is given by the following equation:
.	(4)
Before venting the DOI flame wrinkling factor is equal to 1.0. After the vent opening the DOI flame wrinkling factor develops linearly to the value calculated using Equation 4. For all simulations discussed in the following sections the period of development after the vent opening was equal to 5 ms.
3.3 Calculation domain 
Two numerical grids were used in the simulations. Grid 1 was used to model a 20% H2 mixture deflagration and had an average tetrahedral control volume (CV) edge of approximately 0.08 m in the vessel, the total grid size was 128107 CV. The cross section of the calculation domain for Grid 1 is shown in Figure 1. The positions of the CVs, where the simulated pressure records were obtained (in the vessel, at the duct entrance, the duct end and 0.15 m behind the duct in ambient atmosphere) are illustrated.
Deflagration of the 10% hydrogen-air mixture took approximately 10 times longer and a coarser mesh was used in order to reduce the calculation time. Grid 2 had an average CV edge size of 0.12 cm in the vessel, and a total grid size of 38641 CV, which is usually course for LES simulations. However, we expect reasonable agreement with experimental results for the following reasons: 
	whole flame front wrinkling in the considered experiment occurs at the subgrid scale level and modelled using the sub-grid scale combustion model, Equation 4; 
	as it was mentioned earlier, the gradient method provides the same mass burning rate independent of the grid size; grid refinement in 2 times provides less than 10% increase of the flame surface area for the described model (Molkov, Makarov & Grigorash, 2004); 
	grid sensitivity analysis for the considered experimental vessel configuration and faster burning 20% hydrogen-air mixture was conducted previously by Verbecke (2005), and the maximum pressure obtained on Grid 1 was found to be 2.6% higher than that which was obtained on Grid 2.
3.4 Numerical details
The LES model was implemented using the general purpose commercial code FLUENT 6.2, which is based on the control-volume technique. The coupled solver was used with explicit linearisation of the equation set. A Courant-Friedrichs-Lewy (CFL) number of 0.8 was used to ensure stability. A Second-order upwind scheme was used for discretisation of the convection terms and a second-order central difference scheme was used for the diffusion terms.
3.5 Mixture properties
A summary of the mixture properties and parameters which were used in the simulations and to obtain  is given in the Table 1.
The combustion products composition and the thermodynamic mixture properties were found using a thermodynamic equilibrium model (Kee et al. 2000). The generalised discharge coefficients were adopted here following previous work by Molkov et al. (1999). Vent relief overpressure for 20% H2 mixture deflagrations was chosen as 1kPa. For a 10% mixture deflagration the vent relief overpressure was set equal to the maximum value used in experiment 10kPa (similar to (Molkov et al. 1999)). Large oscillations of the experimental pressure dynamics about 10kPa value (see Figure 4 below) give an indication that a vent relief overpressure in this particular experiment was much higher than 1kPa. This guess is indirectly supported by a fact that simulated pressure dynamics was poor with smaller vent relief overpressure values.
4. Simulation results
The simulated deflagrations covered a wide range of burning velocities and venting conditions, and thus lead to different deflagration dynamics.
For the 20% H2 mixture deflagration with a 45 cm diameter vent  is larger than, so the deflagration development was only effected by the flame generated turbulence. The simulated pressure dynamics for the 20% H2 mixture in the vessel, at the duct entrance, the duct end and in the ambient atmosphere (0.15 m behind the duct) are given in Figure 2 together with the experimental pressure recorded in the vessel. It can be seen that low vent relief pressure and a wide 45 cm vent led to a pressure at the duct end which was significantly lower than the pressure in the vessel at all times. The pressure peak which occurs at the duct end at t=87 ms is associated with the arrival of the flame front at the vent. This peak is echoed by the simulated pressure at the duct entrance at about t=92 ms. Oscillations can be seen in the experimental pressure dynamics at about t=90 ms, these may be a reflection of this process. The timing of the experimental oscillation, and initially faster experimental pressure dynamics, shows that the simulated burning velocity is slower at the initial stages of the deflagration. 
Experimental and simulated pressure dynamics for the 20% H2 mixture with a 25 cm diameter vent are given in Figure 3. In this vented deflagration, this applies when  varies during the vented part of the deflagration between values of 1.4 and 1.9, and  is approximately 1.1. The value of  changes between 1.7 and 1.3, which is comparable with value of product. This leads to a combined effect of the turbulence generated by the flame front itself and the DOI flame wrinkling factor on the turbulent burning velocity. Accordingly, the combustion rate and the pressure dynamics are faster. As the vent orifice is narrow and gas velocity in the duct is small, the static pressure at the duct end is practically equal to the pressure in the vessel. Arrival of the combustion products at the vent caused pressure oscillations at the duct end similar to the previous case. This leads to an excess of the pressure at the duct end over the pressure in the vessel at t=78-84 ms. However, this pressure gradient is too localised and of a such a short time that it cannot reverse flow in the duct. 
The later occurrence of the pressure maximum in the experiments may have been caused either by a different setup of the experimental vent relief pressure or by a lower value of the actual DOI flame wrinkling factor compared to the value which was obtained from the general correlation (Molkov et al., 2002). However, the result is on the conservative side and is acceptable from the viewpoint of explosion safety engineering.
A comparison of the experimental and simulated pressure dynamics for the 10% H2 mixture deflagration and a 25 cm diameter vent is shown in Figure 4. In this simulation  and. Hence, the additional flame wrinkling arising from deflagration venting  grows to 3.24 after the vent opening and dominates the process as it is much larger than. 
There is no pressure decrease in the simulated pressure dynamics, though it is observed in the experimental pressure record at t=650-750 ms. This may be an indication that the experimental flame wrinkling grows more slowly than the simulated flame wrinkling. The only pressure oscillation in the duct occurs at the moment of the vent opening, t=693 ms. Combustion products, affected by buoyancy, enter the duct gradually over the time period  t=750-760 ms, and there are no sharp or distinctive pressure oscillations at the moment when the combustion products are vented (approximately at t=822 ms). After the flame front emerges from the vent the pressure in the duct is consistently lower than the pressure in the vessel. 
Generally, the developed model provided a reasonable agreement with the experimental results. Both maximum overpressure value and maximum overpressure time are within engineering precision limits and error is on a conservative side for all three cases. The model implementation is straightforward and performance is robust. More extensive comparison of the model simulations against experimental data on pressure dynamics, flame shape and flame arrival time is required for further model validation.
5. Conclusions
A new modelling approach was developed for the simulation of vented deflagrations. The model presented accounts for flame wrinkling due to flow turbulence, turbulence generated by the flame front itself, and an increase of the burning rate arising from deflagration-outflow interaction.
The developed LES model was validated against a series of vented deflagration experiments by Kumar et al. (1989) for 10% and 20% (vol.) hydrogen concentrations, with 25 cm and 45 cm diameter vent openings. The simulation results are in a good quantitative agreement with the experimentally measured maximum overpressure value and maximum overpressure time.
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